Objectives: Hyperactivation of the phosphatidylinositol-3-kinase (PI3K) pathway has been associated with radioresistance. It is unclear whether such mutations confer suboptimal local control for patients who receive lung stereotactic body radiation therapy (SBRT). Our objective was to examine whether mutations in the EGFR/AKT/PIK3CA signaling pathway are associated with local failure (LF) after lung SBRT. Methods: We retrospectively reviewed 166 patients who underwent SBRT to primary or metastatic lung lesions from 2007 to 2015 for whom genetic testing data was available for EGFR, AKT, and PIK3CA genes. Association between clinical factors, including molecular mutation status, and LF was evaluated. Results: Six patients (4%) had PIK3CA mutation, 36 patients (22%) had EGFR mutation, and one patient (0.6%) had AKT1 mutation. Median lesion size was 2.0 cm (range, 0.6-5.6 cm); median dose was 48 Gy in 4 fractions (range, 30-70 Gy in 3-10 fractions). Median follow-up for survivors was 27.3 months (range, 3.8-66.7 months). LF occurred in 16 patients (10%). On univariate analysis, PIK3CA mutation was associated with LF (HR 10.44 [95% CI 2.16-50.46], p = .003), while tumor histology, tumor size, primary tumor site, BED and EGFR mutation were not. At one year, probability of LF in lesions with PIK3CA mutation was 20.0% vs. 2.9% in lesions without mutation (p < .001 by log rank test). Conclusion: Although the number of patients affected was small, PIK3CA mutation was significantly associated with higher risk of LF in patients undergoing lung SBRT. This association has not previously been reported for lung SBRT and indicates the need for further validation.
Introduction
Hyperactivation of the phosphatidylinositol-3-kinases (PI3K) pathway has been associated with radioresistance in vitro [1] . Following growth factor stimulation and activation of receptor tyrosine kinases such as epidermal growth factor receptor (EGFR), PI3K (consisting of regulatory and catalytic subunits) is recruited to the cellular membrane. The activated catalytic subunit of PIK3 converts phosphatidylinositol-4,5-biphosphate (PIP 2 ) to phosphati dylinositol-3,4,5-triphosphate (PIP 3 ) and provides a docking site for the activation of Protein Kinase B (AKT), leading to downstream pro-survival signaling events [2] . Mutations in PIK3CA, the gene that encodes the catalytic subunit of PI3K, have been reported in 2-5% of non-small cell lung cancers in 6-40% of other solid tumors such as breast, liver, and colon [3, 4] . It is unknown whether mutations in the PI3K pathway confer suboptimal local control for patients who receive lung stereotactic body radiation therapy (SBRT). Our objective was to examine whether mutations in the EGFR/AKT/PIK3CA signaling pathway are associated with local failure (LF) after lung SBRT. 
Contents lists available at ScienceDirect
Clinical and Translational Radiation Oncology j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / c t r o
Methods

Study population
All patients who received stereotactic body radiation therapy (SBRT) to the lung, for either a primary or a metastatic lung tumor, at our institution from 2007 to 2015 were reviewed following Institutional Review Board approval. There were 166 patients who met inclusion criteria: no prior in-field radiation, imaging follow-up available, and tumor genetic testing results for EGFR, AKT, and PIK3CA genes. For tumors of lung origin (n = 154), genetic testing data was required from the lung tumor undergoing SBRT. For metastatic tumors to lung (n = 12), genetic testing data from either a primary or metastatic tumor site was used (whichever was available). Genetic testing was performed either by Sequenom mass-spectrometry genotyping (n = 153) or Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) (n = 13). Medical records were reviewed and clinical outcomes including death and LF were collected.
Radiation therapy
Patients were immobilized in an alpha cradle with arms up, or if not tolerated, in an Aquaplast mold with arms down. Radiation simulation was performed with four-dimensional computed tomography (4D-CT) to account for tumor respiratory motion. Gross tumor volume (GTV) was delineated on a free-breathing CT scan (with aid from positron emission tomography (PET) scan when available), and an internal target volume (ITV) was created based on GTV motion on the 4D-CT. The clinical target volume (CTV) was a 2-3 mm expansion of the ITV to account for microscopic disease. The CTV was expanded by 5 mm to create the planning target volume (PTV). Dose was prescribed to the 100% isodose line, which surrounded the PTV. Treatments were with coplanar intensity modulated 6 MV fields, and plans were calculated with inhomogeneity correction. The median dose prescribed was 48 Gy (range, 30-70 Gy), and median number of fractions was 4 (range, 3-10). Treatments were image-guided with cone-beam CT to verify positioning.
Statistical analysis
Patients were generally followed with CT scans every 3-4 months for the first two years, then every six months thereafter. Outcomes were measured from the initiation of SBRT until last follow up or death. LF was defined as unequivocal radiographic recurrence within the treatment target, based on CT and PET scans. Association between clinical factors including presence or absence of gene mutations and outcomes were tested using univariate and multivariate Cox regression analysis. The Kaplan-Meier method was used to assess actuarial LF and overall survival. Analyses were performed with SAS release 9.4 (SAS Institute, Carry NC), R version 3.1 package survival, and IBM SPSS Statistics.
Results
Patient and tumor characteristics are summarized in Table 1 . The most common tumor histology in the cohort was adenocarcinoma (92%). Six patients (4%) had PIK3CA mutation, 36 patients (21%) had EGFR mutation, and one patient (0.6%) had AKT mutation. Median lesion size was 2.0 cm (range, 0.6-5.6 cm). Median follow-up for survivors was 27.3 months (range, 3.8-66.7 months). LF was observed for 16 patients (10%).
On univariate analysis, PIK3CA mutation was associated with increased LF (HR 10.44 [95% CI 2.16-50.46]), p = .003 (and remained p < .05 after Bonferroni multiple testing correction), while tumor histology (adenocarcinoma vs. other), tumor size (2 cm vs. >2 cm), primary tumor site (lung vs. other), prescription biologically effective dose (BED) (<100 Gy versus 100 Gy) and EGFR mutation presence were not, Table 2 . There were too few events for multivariate analysis, but all tumors with PIK3CA mutation were 3.2 cm in size and all but one of the tumors with PIK3CA mutation received BED >100 Gy. Abbreviations: BED = biologically effective dose; Gy = Gray; SBRT = stereotactic body radiation therapy. * BED based on alpha/beta of 10. Abbreviations: BED = biologically effective dose; Gy = Gray; SBRT = stereotactic body radiation therapy. Note: For each binary variable, the second category following ''vs" was the reference level (e.g. for sex, male was the reference), and the hazard ratio presents the risk of developing local failure for the first category vs the reference category (e.g. comparing to male the risk of developing local failure for female was 56%). * BED based on alpha/beta of 10.
For all patients, actuarial local control at 1 year was 91.8% and at 2 years was 81.6%. At one year, probability of LF in lesions with PIK3CA mutations was 20.0% vs. 2.9% in lesions without mutations (p < .001 by log-rank test), Fig. 1 .
For all patients, overall survival at 1 year was 89.9% and at 2 years was 77.1% with a median survival of 54.3 months. PIK3CA or EGFR mutation status was not significantly associated with overall survival.
Discussion
PIK3CA mutations are an attractive area of study due to the opportunity for pharmacokinetic inhibition. Results of a phase 1 dose-escalation study of an oral PI3K inhibitor taselisib recently reported a 36% response rate for PIK3CA-mutant tumor patients with measurable disease [5] . Therapeutic strategies combining PI3K inhibition with radiation may be a topic of future investigation.
Associations between PIK3CA mutations and outcomes have shown conflicting results in the literature. PIK3CA mutations have demonstrated association with improved overall survival in squamous cell lung cancer and breast cancer [6, 7] yet decreased progression-free survival in lung adenocarcinoma [8] . In a study by Boros et al. [9] , next generation sequencing was performed on 57 patients with locally advanced NSCLC for EGFR, KRAS, BRAF, PIK3CA, NRAS, and ALK with 1 patient (2%) expressing a PIK3CA mutation. Boros et al. reported that following chemoradiation, overall survival was not significantly different among the three groups of wild-type versus EGFR-ALK versus other mutations. In our study, PIK3CA mutation status was not associated with overall survival following lung SBRT.
We found PIK3CA mutation was significantly associated with higher risk of LF in patients undergoing lung SBRT. Although the number of patients affected was small, the magnitude of the effect was marked, and most affected patients developed LF despite having small tumors receiving high-BED radiation. Association between PIK3CA mutation and outcome after lung SBRT has not previously been reported. Our preliminary results should be verified by larger studies and suggest that the interaction of PIK3CA and radiation response is worthy of further investigation. Fig. 1 . Kaplan-Meier curve for local control following lung SBRT for primary or metastatic tumors to lung based on PIK3CA mutation status (p < .001).
